The electronic structure of the molecular compound (TTM-TTP)I3, which exhibits a peculiar intramolecular charge ordering, has been studied using multi-configuration ab initio calculations. First we derive an effective Hubbard-type model based on the molecular orbitals (MOs) of TTM-TTP; we set up a two-orbital Hamiltonian for the two MOs near the Fermi energy and determine its full parameters: the transfer integrals, the Coulomb and exchange interactions. The tight-binding band structure obtained from these transfer integrals is consistent with the result of the direct band calculation based on density functional theory. Then, by decomposing the frontier MOs into two parts, i.e., fragments, we find that the stacked TTM-TTP molecules can be described by a two-leg ladder model, while the inter-fragment Coulomb energies are scaled to the inverse of their distances. This result indicates that the fragment picture that we proposed earlier [M. KEYWORDS: multi-orbital molecular compound, intra-molecular charge ordering, ab initio calculation, band calculation, fragment decomposition A rich variety of physical properties have been explored in molecular solids since the realization of the first molecular metal, TTF-TCNQ, and in the last decade, chargeordering (CO) phenomena and related issues have attracted much attention.
A rich variety of physical properties have been explored in molecular solids since the realization of the first molecular metal, TTF-TCNQ, and in the last decade, chargeordering (CO) phenomena and related issues have attracted much attention. 1, 2) Despite the complexity of the constituent molecules, a simple picture works well for many compounds; the low-energy electronic properties are determined by a single frontier molecular orbital (MO). Therefore each molecule can be regarded as a single site, and then the tight-binding and Hubbard-type models based on this picture successfully describe their physical properties. 2, 3) However, it has recently been recognized that such a simple single-MO approximation is not sufficient for describing the electronic structures of single-component molecular metals M (tmdt) 2 [M = Ni, Au, etc.]; [4] [5] [6] there are cases where multi-orbital effects reflecting the respective MOs induce unexpected novel physical properties.
In the present paper, we focus on a quasi-one-dimensional molecular crystal (TTM-TTP)I 3 . 7, 8) Since the formal charge of the TTM-TTP molecule is +1 owing to the monovalent counterion I − 3 , this compound was considered to be a halffilled system and the possibility of a genuine one-dimensional Mott insulator with paramagnetic spin properties was discussed. [8] [9] [10] However, it has also been pointed out that this system exhibits a transition toward a nonmagnetic state at around 80 K. [11] [12] [13] On the basis of detailed experimental analyses of this low-temperature phase by Raman scattering 14) and X-ray measurements, 15) proposed. This state is called the "intra-molecular CO" (ICO) state, where the inversion center on the middle point of the TTM-TTP molecule is lost and the charge is disproportionated within each molecule. This state cannot be described by the simple single-MO picture by its nature.
A key to understanding the electronic state of this compound, as shown in our previous theoretical work, 16) is that the singly-occupied-molecular-orbital (SOMO) and the secondhighest-occupied-molecular-orbital (HOMO-1) of the ionic [TTM-TTP] + molecule are close in energy. The chemical reason of this quasi-degeneracy can be understood in terms of a three-fragment model. 16) The SOMO and HOMO-1 are basically described by two of the fragments, as in the following. Since the TTM-TTP molecule itself has an inversion center, the resulting MOs can be classified into gerade (g) and ungerade (u) MOs. The SOMO (u MO) and HOMO-1 (g MO) are shown in Fig. 1 , where the SOMO exhibits a bonding character between the left and right fragment MOs while the HOMO-1 has an antibonding character, i.e.,
where ϕ L and ϕ R are the left (L) and right (R) fragment MOs. 16) The purpose of the present paper is to construct a minimal model that can describe the ICO state. The contribution of the center (C) fragment MO can be neglected for this purpose, since the C fragment is deep in energy. 16) We construct a two-orbital Hubbard-type model based on the SOMO and HOMO-1. The magnitudes of the intra-molecular and inter-molecular interactions are estimated from ab initio calculations with a complete-active-space configuration-LETTER M. Tsuchiizu et al. interaction (CAS-CI) method. 17) By transforming the model into the fragment picture, we clarify that the stacked TTM-TTP molecules can be described by a two-leg ladder model.
The ab initio calculations were performed using the Molcas7 package 17) with the basis set:
, and H(3s)/[1s]. The atomic parameters are taken from the results of the X-ray structure analysis at room temperature. 7) As mentioned in ref. 16 , the SOMO and HOMO-1 levels are well separated from the other MOs, and therefore, these two MOs are used to generate CAS [3, 2] containing three electrons in two MOs. In order to evaluate the magnitudes of the inter-molecular interactions, we select two neighboring molecules and, in this case, put four MOs into the active space. Throughout the CI calculation, the MOs are fixed to the ones obtained from the restricted open-shell Hartree-Fock calculation.
First we derive the effective model Hamiltonian describing the isolated [TTM-TTP] + ion. In the CAS [3, 2] , there are two independent configurations: (i) one is the ungerade state g 2 u 1 in which two electrons are on g and one electron is on u, and (ii) the other is the gerade state g 1 u 2 with one electron on g and two electrons on u. In order to evaluate the Coulomb interactions, we also consider the configurations arising from the occupations of g and u MOs by 0, 1, 2 and 4 electrons. By the CAS-CI ab initio calculations, we can obtain the full energy spectrum and the information of the wave functions. By collecting these data, we can construct the twoorbital Hubbard-type Hamiltonian that reproduces the energy spectrum. Namely, we consider the following one-molecule Hamiltonian:
where c g,σ (c u,σ ) is the electron annihilation operator for g (u) MO of the TTM-TTP molecule. The quantities ε 0 g and ε 0 u represent the energy levels of the g and u MOs. U g (U u ) represents the Coulomb repulsion between two electrons on the g (u) MO, and U ′ is the inter-MO Coulomb repulsion. J H is the Hund coupling including the pair-hopping term, and E 0 is the energy constant. In contrast with the case of atomic orbitals under the centrosymmetric potential, there is no constraint relation among these couplings. The density operators are nor- mal ordered, i.e., n ν,σ = (c † ν,σ c ν,σ −3/4) with ν = g, u. Here, we note that the charges on each MO are set as 3/4 in order to treat the g and u MOs on the same footing.
16) The evaluated parameters are summarized in Table I . The energy level difference between u and g MOs is relatively small, ≈ 0.42 eV, which reproduces the results reported in ref. 16 . The magnitudes of U g and U u are small compared with those of smaller molecules such as the TTF molecule in TTF-TCNQ, for which we obtained U TTF ≈ 6.2 eV. In addition, U u is slightly larger than U g , a reflection of the left−right bonding character of the u MO compared with the antibonding character of the g MO. The Coulomb repulsion for the TTF molecule was estimated from the density-functional-theory calculations to be ≈ 4.7 eV, 18) which is comparable to our result. As a reference, we note that the magnitude of the bare Coulomb repulsion of the BEDT-TTF dimer in the κ-(BEDT-TTF) 2 X system is about 3 -4 eV. 19, 20) We also note that relatively large Hund coupling is obtained (J H /U u ≃ 0.8), in contrast to those for transition-metal atoms.
Next we evaluate the inter-molecular interactions. We focus on two neighboring TTM-TTP molecules whose atomic coordinates are read from the crystal structure at room temperature, and perform CAS-CI calculations using the MOs for the isolated [TTM-TTP] + molecule. In order to determine this set of MOs, the two molecules were artificially displaced with respect to one another so that the intermolecular overlap was negligible. Hereafter, we refer to the two target molecules as "molecule I" and "molecule II". The molecule pairs that we have focused on are shown in Figs. 2(a) and 2(b) . The Hamiltonian for one-body terms that appear in the two-molecule system is given by
where the parameters t gg and t uu are the inter-molecular transfer integrals for the same g and u MOs, respectively, while t gu and t ug are for different MOs [see Fig. 2(c)] . The summation over repeated spin indices is implied. In terms of the ab initio Hamiltonian H, these transfer integrals are expressed as t gg ≡ − ϕ g,I |H|ϕ g,II , t uu ≡ − ϕ u,I |H|ϕ u,II , and t gu ≡ − ϕ g,I |H|ϕ u,II = + ϕ u,I |H|ϕ g,II = −t ug , where |ϕ g,I (|ϕ g,II ) and |ϕ u,I (|ϕ u,II ) are the states with a single electron on the g MO and u MO in molecule I (II), respectively. The parameters ∆ε g and ∆ε u represent the energy-level shift due to the potential energy from the other molecule. The additional term is H where V gg (V uu ) and V gu denote the inter-molecular densitydensity interactions on the same g (u) MOs and between the g and u MOs, respectively. The I term represents the orbital exchange interaction and the X g and X u terms are the density-hopping interactions. As in the case of the isolated molecule, we can determine the parameters in eqs. (3) and (4) by using the ab initio energies for states with different symmetry, spin states, and electron numbers. The evaluated parameters are summarized in Table II . In contrast to the conventional extended Hückel approach, where the overlap integrals are used in the band calculation, 21) we can directly obtain the transfer integrals along different directions [ijk] in the present approach. We find that only the nearest-neighbor transfer integrals along the stacking [001] direction are large becomes comparable to the value estimated by the extended Hückel approach (≈ 0.26 eV). 7) We also note that the energy-level shifts are relatively large, e.g., for the [001] molecule pair, we find ∆ε = −1.85 eV. The magnitudes of the intermolecular density-density repulsions are relatively large compared with the intra-molecular interaction (V gg /U g ≈ 0.57 and V uu /U u ≈ 0.59), whereas a similar value is also obtained in the benchmark TTF chain in TTF-TCNQ as V /U ≈ 0.52.
On the basis of the results of the above analysis, we examine the band structure of the (TTM-TTP)I 3 crystal in the metallic state. By neglecting correlation effects, the band structure obtained from the crystal version of eq. (3) is shown in Fig. 3 . Here, we assign the energy levels for each MO as ε g = ε 0 g + 2∆ε [001] u = −11.90 eV. However, these absolute values should be refined by taking into account other molecules as well as counterion I − 3 . For comparison, electronic-structure calculations were carried out directly for the (TTM-TTP)I 3 crystal with the computational code QMAS (Quantum MAterials Simulator) 22) based on the generalized gradient approximation (GGA).
23) The resulting band structure is shown in Fig. 3 . Despite the bandwidth being overestimated owing to the neglect of correlation effects, the overall band structure obtained from eq. (3) agrees with the GGA results, indicating the validity of the present approach based on the CAS-CI ab initio calculations. The hypothetical band structure obtained by neglecting the SOMO−HOMO-1 mixing (i.e., we set t gu = 0) is also shown by the dashed lines in Fig. 3 . We find that the SOMO band has large dispersion along the [001] direction, whereas the HOMO-1 band is very narrow and is located within the SOMO band. Furthermore, these two bands are isolated and thus we can conclude that this system can be regarded as a two-band system.
Finally we transform the model into the fragment picture by using eq. (1), where the stacked TTM-TTP molecules can be described as an effective two-leg ladder system, as shown in Fig. 2(d) . The transfer integral between the L and R fragments within the molecule is characterized by the energy difference between the g and u MOs, i.e., t 0 = (ε g − ε u )/2 ≈ −0.17 eV. The Coulomb interaction within the fragment, i.e., the LETTER M. Tsuchiizu et al. "on-site" repulsion, is U = 5.30 eV, which becomes comparable to that for the TTF molecule, U TTF ≈ 6.2 eV, while the Coulomb and exchange interactions between the L and R fragments are V 0 = 2.07 eV and J = 0.18 eV. Let us stress that J H is not directly reduced to the exchange coupling between the L and R moieties. For the inter-molecular interactions, there are three kinds of transfer integrals, t 1 , t 2 , and t 3 [shown in Fig. 2(d) ], and corresponding Coulomb repulsions, V 1 , V 2 , and V 3 . The correspondence relations between the transfer integrals in the MO basis and those in the fragment basis are given by t 1 = (−t gg + t uu + 2t gu )/2, t 2 = (t gg + t uu )/2, and t 3 = (−t gg + t uu − 2t gu )/2. The dominant transfer integrals (> 0.01 eV) are t 0 = −0.17, t = 0.01. The fitted band structure is shown by the thin solid lines in Fig. 3 . We obtain qualitatively consistent parameters, and it is worth noting that the inter-fragment transfer integral within the molecule |t 0 | is smaller than the inter-molecular transfer integral |t
|. A similar situation has been pointed out in single-component molecular metals. 6) We have also calculated the Coulomb repulsions as a function of distance between the fragments. We define the inverse of the inter-fragment distance, 1/r, as the average inverse distance between 6 sulfur atoms in each fragment. The magnitudes of interactions follow surprisingly well the 1/r Coulomb law, including the intra-molecular interaction V 0 , as shown in Fig. 4 . This result strongly supports our fragment decomposition picture. In conventional single-orbital compounds, the bare Coulomb interactions are known to follow the Coulomb law as a function of the inter-molecular distance. 19, 24) In addition, we find that the inter-fragment distance for the [001] interactions becomes shorter than that for the intra-molecular one, and then the interactions V exceed the intra-molecular interaction V 0 . This feature would be a key ingredient in obtaining the intra-molecular degree of freedom, and particularly for the ICO phenomena. However, we should note that the screening effects in the crystal are not taken into account. Such effects have been examined in the single-orbital system, 18, 19) and it remains future work to extend the analysis to the multi-orbital systems. We briefly discuss the electronic states in (TTM-TTP)I 3 on the basis of the present fragment-MO picture. From the simple "atomic" limit analysis of our model, where the kinetic energy is neglected, we indeed find that the lowest-energy state is the ICO state in which the charge is disproportionated at the R (L) fragment in molecule I (II) in Fig. 2(d) . This ICO pattern is compatible with the q = (0, 0, 1/2) superstructure observed by the X-ray measurements. 11, 12, 15) On the basis of this finding, we infer that the non-magnetic insulating behavior observed at low temperatures [11] [12] [13] is attributed to the spinsinglet formation on the t
[001] 1
bond with two-fold periodicity along the stacking direction. On the other hand, the paramagnetic non-metallic state seen at high temperature [7] [8] [9] might be due to the charge localization on each t is the strongest bond in the system. A detailed analysis of possible ordered states based on the derived effective model will be published elsewhere. In summary, we have constructed an effective Hubbardtype Hamiltonian and examined the electronic band structure for the multi-orbital molecular compound (TTM-TTP)I 3 . It has been clarified that the present scheme combined with the ab initio calculations is consistent with the GGA calculation. We have found that, in the fragment picture, the stacked TTM-TTP molecules can be described by the effective two-leg ladder and the Coulomb repulsions are proportional to the inverse of the inter-fragment distance.
